We studied hearts in which hypertrophy was caused by both pressure and volume overload. Pressure hypertrophy was induced by an aortic constriction; volume hypertrophy was induced by an iron-copper deficiency (anemia). The ventricular weight was increased by 34% in the pressure-hypertrophied hearts at the end of 6 weeks. The ventricular weight was increased by 54% in the volume-hypertrophied hearts at the end of 3 months. A potassium arrest-formalin fixation technique was used to produce a "diastole-like" ventricle. In the pressurehypertrophied ventricle, the ventricular wall thickness and external radii were significantly increased, whereas the valve-to-apex distance and internal radii remained unchanged. We also found that in the volume-hypertrophied ventricle there was an increase in the valve-to-apex distance, external radii, internal radii, and wall thickness. Although external and internal dimensions increased, the ventricular shape did not change significantly in the volume-hypertrophied ventricle.
IN RESPONSE to elevated work loads, the heart may increase its size and shape. Since a changed geometry of the heart might be associated with a changed functional performance, the ventricular shape, lumen size, and wall thickness have to be considered. The relationships among these factors are described in the modified law of Laplace, T = PR/2S, where T is the stress on the wall, P is the transmural pressure, R is the radius of the lumen, and S is the wall thickness. Some investigators 1 -2 have attempted to apply the Laplace relationship to the functional morphology of the heart. Several studies :t~" discuss the relationships of cardiac geometry and functional performance in both normally growing and hypertrophied hearts. There has been difficulty in choosing an acceptable physiological reference for these comparative anatomical studies. On the basis of cineradiography of radio-opaque metal markers placed in the left ventricular papillary muscle of canine hearts, Grimm et al. a concluded that K + arrestformalin fixation in situ produced a "diastole-like" ventricle.
In the present study, morphological changes were studied in two models of hypertrophy; pressure hypertrophy (aortic constriction) and volume hypertrophy (induced by anemia). The K + arrest-formalin fixation technique was used to establish a reference position at which the ventricular volumes, shapes, radii, and wall thicknesses were examined.
Methods
Sprague-Dawley male albino rats were used.
PREPARATION OF ANIMALS

Volume Hypertrophy
Volume hypertrophy was induced by the method of Korecky and French 9 . Young rats were made anemic by an iron-free diet (milk powder). Initial body weights ranged from 50 to 60 g (20 days after weaning). These rats were subdivided into three groups.
Experimental Group. These rats were fed iron-and copper-free milk powder and distilled water.
Control Group. These rats were fed the same iron-and copper-free milk powder plus a supplemental solution of ferrous sulfate (1 mg/liter) and cuprous sulfate (0.1 mg/ liter) as their water source.
Normal Group. These rats were fed regular rat chow and tap water.
The rats were studied after 3 months of this dietary regime. To confirm that the rats were anemic, the hematocrit was measured in most cases. Blood was withdrawn from the right renal vein into a heparinized capillary tube for centrifugation. After 15 minutes at 2500 rpm, the hematocrit was read from a hematocrit scale.
Pressure Hypertrophy
Pressure hypertrophy was induced by a subdiaphragmatic aortic constriction according to the method of Grimm et al. 10 Initial body weights ranged from 200 to 250 g. The rats were subdivided into three groups.
Experimental Group. The abdominal aorta was constricted below the diaphragm and above the kidneys with a size 0 silk ligature. The degree of constriction was predetermined by placing a thin metal rod next to the aorta and tying the ligature tightly around both rod and aorta until the aorta was completely occluded. The 1.1 mm diameter rod then was withdrawn. This diameter, which was now presumably the diameter of the aorta, induces hypertrophy. Under these conditions, the radius of the aorta was reduced to about one-fourth normal. In several of the rats, the blood pressure was measured from both the left carotid artery and the abdominal aorta below the ligature.
Sham-Operated Control Group. These rats were subjected to the same surgical procedure, but the ligature was tied loosely around the aorta.
Normal Group. These rats were not subjected to any surgical procedure.
All three groups were maintained under identical conditions for 6 weeks.
EXPERIMENTAL STUDIES
Rats were anesthetized with sodium pentobarbital (50 mg/kg) and the abdominal aorta was cannulated distal to the renal intraperitoneal arteries. A polyethylene cannula was advanced into the thoracic aorta and approximately 4-5 ml of heparinized isotonic saline (9.0 g NaCl, 5000 units heparin/liter) were injected slowly. Subsequently, 5 ml of a heparinized isotonic KC1 solution (11.5 g KC1, 5000 units heparin/liter) were injected quickly into the aorta via the cannula and produced immediate cardiac arrest.
After cardiac arrest, the KC1 solution, at a pressure of 100 mm Hg, was perfused through the aorta for 2 minutes. Subsequently, 10% formalin was perfused through the aorta for 2 hours at a pressure of 100 mm Hg. The inferior vena cava was transected distal to the renal veins 0.5-1.0 minute after the start of the formalin perfusion. This permitted a continuous flow of the fixative through the vascular system and prevented extensive tissue distension. Approximately 500 ml of 10% formalin was perfused through each rat during the 2 hours of fixation. It must be emphasized that all the above procedures were carried out with the chest closed.
In previous studies in which intraventricular pressure was measured concurrently during these procedures, there was no evidence of aortic insufficiency.
The well-fixed hearts were removed and the atria carefully trimmed away. The paired ventricles were postfixed in 10% formalin for an additional 30 minutes and then placed in distilled water for 30 minutes to remove excess formalin.
The fixed ventricles were infiltrated with progressively increasing concentrations of gelatin solutions at 47°C. The hearts were kept in a 2% gelatin solution for 24 hours, a 5% solution for 48 hours, and a 10% solution for a minimum of 72 hours. A minute quantity of thymol was added to the gelatin solutions to serve as a fungicide.
This gelatin infiltration technique was used to minimize the distortions produced by dehydration which occurs in many histological embedding methods. Transverse sections fifty fim thick were cut using an American Optical Spencer sliding microtome. The sections were mounted on a glass side with glycerin-gelatin. These techniques have been described."
Photographs (35-mm Kodak Panatomic X film) were taken of each section using a Leitz photostat. Eight-to 10-fold enlargements were printed on Kodak F-4 high contrast print paper. A steel millimeter ruler was placed next to the section so that the precise magnification could be calculated.
The right and left ventricular luminal areas were measured from each print with a K & E 620022 compensating polar planimeter. The papillary' muscles or trabeculae carneae were excluded in the determination of the ventricular lumen. In order to test the reliability of this method, five prints were developed under the same magnification and were measured by means of this polar planimeter. The coefficient of variation (sD/mean) of the repeated measurements of the area was 0.3%. This value includes the errors in the developing and processing procedures, individual judgment in the measurements and the accuracy of the readings from the planimeter. This value established an acceptable level of reliability for this technique.
The mean left ventricular internal or luminal radius per section was derived from the cross-sectional areas by making the Amplifying assumption that the left ventricular lumen is circular and solving the standard equation: A = 7rr 2 , for r, where A is the cross-sectional area measured by the planimeter. The left ventricular free wall thickness was calculated for each section as the difference between the derived mean left ventricular internal or luminal radius and the directly measured left ventricular external radius.
Values are given as means ± SD. A one-way analysis of variance (Anova) 12 was used to compare the differences for the same parameter among and between the groups.
Results
VOLUME HYPERTROPHY
As seen in Table 1 , the ventricular weight in the volume-hypertrophied group was significantly increased in comparison to the control and normal groups. There were significant increases in the mean right ventricular volumes and the mean left ventricular volumes in the volume-hypertrophied group. The valve-to-apex distance also was significantly increased in the volume-hypertrophied hearts.
The interanl radii, external radii, and wall thicknesses are presented in Table 1 and Figure 1 . The data show that, at the 80%, 60%, and 40% levels of the valve-toapex distance, these parameters were significantly increased in the volume-hypertrophied hearts with respect to the control and the normal groups of hearts. The mean external radius of the hypertrophied hearts at the 60% valve-apex level was 6.13 ± 0.28 mm. In the control and normal hearts, the mean radii were 5.07 ± 0.32 and 5.21 ±0.11 mm, respectively. The latter two groups were not statistically different, when corrections were made for the absolute differences in the size of the rats (see Table 2 ). The external radius in the hypertrophied hearts was statistically greater. The mean internal radius in the volume-hypertrophied left ventricle at the 60% valveapex distance was 3.42 ± 0.11 mm, whereas it was 2.95 ± 0.36 mm in the control group and 2.69 ± 0.16 mm in the normal group. Values for the latter two groups again were not statistically different, but the internal radius of the volume-hypertrophied left ventricle was significantly greater. The wall thickness at the 60% valve-apex distance was also significantly greater in the volume-hypertrophied hearts.
In terms of these results, the volume-hypertrophied left ventricle seems to increase its size by increasing in all three dimensions. An attempt was made to normalize the data by dividing the external and internal radii by the valve-to-apex distance. These results are shown in Table  2 . After normalization, there was no real difference among the three groups.
In the volume hypertrophy study, hematocrits were determined on renal venous blood of most of the rats ( Table 3 ). The mean hematocrit in the volume-hypertrophied group was significantly lower than in the control and normal groups. The rate of aortic pressure development was significantly higher in the anemic rats than in the control and normal groups. The mean aortic blood pressure of the anemic rats was significantly lower than that in the other groups.
PRESSURE HYPERTROPHY
The body and ventricular weights and right and left ventricular volumes are shown in Table 4 . The ventricular weights were significantly greater in the pressure-hypertrophied group than in the sham-operated or normal group.
The right and left ventricular volumes were not significantly different among the three groups. As shown by the valve-to-apex distances in table 4, the longitudinal axes also were not significantly different.
The external and internal radii and wall thicknesses of the left ventricle are shown in Table 4 and Figure 2 . The external radius of the pressure-hypertrophied hearts was 
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Values are expressed as mean ± SD; ER = external radius; V-A WT = wall thickness; NS = not significant. valve-to-apex distance; 1R = internal radius; significantly greater at the 80%, 60%, and 40% levels. However, there were no significant differences among the three groups at the 20% level. When the internal radii were compared at the 80%, 60%, 40%, and 20% levels of the valve-to-apex distance, no significant differences were found. The wall thickness in the pressure-hypertrophied group was substantially thicker than in the shamoperated and normal hearts ( Table 4 ).
In order to distinguish the shapes of the left ventricles among the pressure-hypertrophied, sham-operated, and normal groups, the data from Table 4 are plotted in Figure 2 . The shapes of the normalized internal radii were quite similar within the three groups (99% confidence limits are given at each point). However, the normalized external radii of the pressure-hypertrophied ventricle were substantially greater at 80%, 60%, and 40% of the valve-to-apex distance. As expected, the shapes were very similar for the sham-operated and nor-mal ventricles. The wall thickness in the hypertrophied ventricle was greater than in the sham-operated and normal groups at the 80%, 60%, and 40% levels.
Discussion
The weight of the paired ventricles of the pressurehypertrophied hearts was increased by 34% above that of the sham-operated group. This value is somewhat less than that reported (50%) by Spann et al. 13 for the pressure-hypertrophied cat right ventricle, but it is higher than that reported by Grimm et al. 10 and Kerr et al. 14 The mean carotid blood pressure of the rats with hypertrophied hearts was 136 ± 7.5 mm Hg, whereas the mean carotid blood pressure was 102 ± 1.8 mm Hg in the sham-operated rats. Carotid blood pressure increased by 34%, a value identical to the increase in ventricular weight. Though the evidence may suggest that the enlargement of the pressure-hypertrophied ventricles compen- sated for the increased resistance, the influences of other likely important factors such as time-wall stress probably should be considered.
In the volume-hypertrophied hearts, ventricular weight increased by 54% above the control value ( aortic blood pressure was much lower in the rats with volume-hypertrophied hearts than in the controls. The rate of aortic pressure development was increased substantially in the rats with volume-hypertrophied hearts. This increase is probably the result of factors such as the decreased mean aortic pressures and the decreased viscosity of the blood.
The functional morphology of the heart in terms of its radius, volume, wall thickness, pressure, and tension, etc., has been a subject of interest. Since the above parameters are changing constantly during each cardiac cycle, a major difficulty exists in selecting an acceptable reference position from which morphological comparisons may be made. It has been shown that a potassium-arrested-, formalin-fixed dog heart is indeed a "diastolelike" heart. 8 The gelatin-embedding techniques used in the present study produce relatively little distortion. In previous work using living isolated papillary muscles, K + arrest and formalin fixation produced only minimal changes in sarcomere length. 15 In addition, the thorax was not opened nor were its contents disturbed. Thus, the present techniques appear to overcome many limitations. It should be emphasized that the technique is being used for comparative geometric considerations.
The data in Tables 1 and 4 show that the geometric pattern of both the pressure-hypertrophied and volumehypertrophied ventricles are different, not only from the normal, but also from each other. The differences could be interpreted as resulting from the quite different factors involved in the induction of the two types of hypertrophy. As expressed by the Laplace relationship, the stress generated in the ventricular wall is directly proportional to the radius of the lumen and to the transmural pressure.
If the internal radius of the left ventricle increases, the wall stress will be proportionally increased under conditions of the same intraventricular pressures. This increase in wall stress may be compensated for by an increase in wall thickness, provided the geometry of the heart does not change; this condition is seen in the volume-hypertrophied hearts. Since the pressure-hypertrophied left ventricle pumps against an increased resistance, the wall stress must be increased to develop greater transmural pressure.
In rats with pressure-hypertrophied hearts, ventricular lumen size remained unchanged. Table 4 shows that the increasing size of the pressure-hypertrophied ventricle was accompanied only by an increase in external radii, whereas the luminal and the longitudinal dimensions remained unchanged. Thus, the wall thickness and the wall thickness-to-radius ratio were significantly increased. These findings seem to agree with those of Levine et al. 16 who noted that the ratio of the left ventricular diameter to wall thickness was distinctly low in patients with left ventricular pressure overload. The increase in wall thickness was equivalent to the increase in measured blood pressure. We conclude that the induced hypertrophy was able to reduce stress per unit of muscle to normal levels.
On the other hand, in the volume-hypertrophied hearts, different factors were involved. The volume-hypertrophied left ventricle pumps a large amount of blood against a lower peripheral resistance. Under these conditions, both the ventricular lumen and the cardiac mass are increased. The increase in wall thickness is proportionate with the increase in luminal radius. The data presented in Table 1 are represented graphically in Figure 1 to illustrate that the cardiac size is increased both longitudinally and transversely. The volume-hypertrophied heart thus appears as a magnified normal heart. Results given in Table  2 show that there were no significant differences among the three groups of rats in terms of the shape of the hearts after data was normalized. Thus wall thickness was increased in proportion to the increase in ventricular size. The wall thickness-radius ratio remained the same. This result is very similar to those of Grant et al. 17 and Grossman et al. 18 for subjects with aortic insufficiency. They concluded that volume-overloaded ventricles showed eccentric hypertrophy with an increased diameter but normal wall thickness-radius ratios.
It has been found that mean sarcomere length does not change from normal in either the pressure-overloaded or the volume-overloaded hypertrophied myocardium. In addition, the shapes of the length-tension curves are identical as are the tensions when normalized on the basis of grams/unit area. 19 Taken together with the present study, these results suggest that the unit quality (sarcomere length-mechanics and/or contractility) of the volume-hypertrophied myocardium is unchanged.
In a previous study, Grimm et al." found that over an almost 3-fold range of ventricular weights, normal cardiac growth was accompanied by an increase in linear dimensions such as valve-to-apex distance, external radius, internal radius, and wall thickness. Although these distances increase with growth, the shape of the heart remains unchanged. With normal physiological growth, the increase in ventricular volume was apparently bal- anced by a proportionate increase in wall thickness. For the purpose of discussion, Figure 3 incorporates data from Grimm et al. 11 with data from the present study. There are no significant differences. The previously derived equation, Y(100) = 128.2 + 0.175 X (F = 53.7; P < 0.001) (r = 0.96), where Y is the left ventricular radius and X is the paired ventricular weights with a mean paired ventricular weight of 1295.1 mg for the volume-hypertrophied heart, predicts a mean radius of 3.5 mm, a value almost identical to the 3.4 mm found.
In summary, the ventricular shape, wall thickness, and external radii are significantly increased, whereas the valve-to-apex distance and internal radii remain unchanged in the pressure-hypertrophied ventricle. Thus external dimensions increase while internal "luminal dimensions" remain unchanged in this type of hypertrophy. In the volume-hypertrophied ventricles, there is an increase in valve-to-apex distance, external radius, internal radius, and wall thickness; thus both external and internal dimensions increase; however, the ventricular shape does not change significantly. The volume-hypertrophied ventricle preserves a normal functional morphology.
